Progressive neurodegeneration of the optic nerve and the loss of retinal ganglion cells is a hallmark of glaucoma, the leading cause of irreversible blindness worldwide, with primary open-angle glaucoma (POAG) being the most frequent form of glaucoma in the Western world. While some genetic mutations have been identified for some glaucomas, those associated with POAG are limited and for most POAG patients, the etiology is still unclear. Unfortunately, treatment of this neurodegenerative disease and other retinal degenerative diseases is lacking. For POAG, most of the treatments focus on reducing aqueous humor formation, enhancing uveoscleral or conventional outflow, or lowering intraocular pressure through surgical means. These efforts, in some cases, do not always lead to a prevention of vision loss and therefore other strategies are needed to reduce or reverse the progressive neurodegeneration. In this review, we will highlight some of the ocular pharmacological approaches that are being tested to reduce neurodegeneration and provide some form of neuroprotection.
individuals with elevated IOP. While for many patients, this treatment can slow progression of the disease, it is not always effective in significantly attenuating disease progression in glaucoma. Therefore, other agents with specific actions on the optic nerve and on the process of neurodegeneration can provide additional protection.
Other GPCRs that had shown promise were agents that affect the a-adrenergic receptor system. These receptors are the predominant effector sites for the sympathetic nervous system. While there are multiple subtypes of receptors, there has been a major interest in the a-2 receptor because of their location in the ciliary process and retina, including the presence on retinal ganglion cells (RGCs). Since the RGC is the major cell type that is affected in glaucoma, the a-2 receptor represented a potential drug target. Brimonidine, an a-2 agonist, was developed for lowering of IOP through reductions in aqueous humor formation; it was also proposed to have an additional benefit by acting on receptors on RGCs to provide neuroprotection, 10 and one study found less visual field loss with brimonidine treatment than with timolol. 11 However, while it is uncertain as to the mechanism responsible for this outcome, it could just be a result of lowering pressure than direct actions on RGCs. In another study, the Low-pressure Glaucoma Study Group, 12 it was found that while timolol-and brimonidine-treated patients had similar IOP lowering effects, only brimonidine preserved visual function as measured by white on white perimetry, leading the investigators to propose that brimonidine FIG. 1. Potential targets for neuroprotection in glaucoma. There are multiple targets for neuroprotection based upon currently understood cellular mechanisms of cell death of RGCs. A number of agents target GPCRs. An important key second messenger contributing to cell death is intracellular calcium (Ca 2+ ) i . Sigma receptors (s-1) act by attenuating calcium uptake from ionotropic glutamate receptor (NMDA receptor). In addition, sigma receptor agonists could prevent formation of the permeability transition pore by sustaining the transmembrane potential of the inner mitochondrial membrane. This would prevent the release of cytochrome c from the mitochondria. Excessive ROS cause oxidative stress, which mediates RGC apoptosis through caspase-dependent and caspase-independent pathways. Application of antioxidative strategies might be an effective approach. Sigma receptors could also associate with voltage-dependent calcium channels and diminish calcium uptake from the extracellular milieu. Endothelin receptors antagonists could act on the Gq-coupled endothelin A receptor, blocking its ability to activate phospholipase C, and thereby prevent calcium release from the endoplasmic reticulum stores. Neurotrophins act through Trk receptors (which are receptor tyrosine kinases) and promote cell survival effects by activating the MAP kinase cascade, ultimately influencing gene expression in the nucleus through transcription factors such as Elk-1. TNF-a through its receptors can also trigger apoptotic signaling resulting in cell death. Targeting TNF-R is another protective target that would prevent cell death. The use of multiple agents could synergistically act to generate robust neuroprotection of RGCs. BNDF, brain-derived neurotrophic factor; GPCRs, G-protein-coupled receptors; NGF, nerve growth factor; NMDA, N-methyl-d-aspartate; RGCs, retinal ganglion cells; ROS, reactive oxygen species; TNF, tumor necrosis factor; VGCCs, voltage-gated calcium channels. had actions independent of IOP lowering that contributed to its neuroprotective role. While the mechanism for this effect is still unclear, it has been shown that brimonidine can upregulate brain-derived neurotrophic factor (BDNF) in RGCs. 13 However, the exact mechanisms for the differences from its IOP effects remain uncertain.
Glutamate receptors
There are two major classes of glutamate receptors, those associated with ligand-gated ion channels (ionotropic) and those associated with second messenger systems (metabotropic). The N-methyl-d-aspartate (NMDA) receptor system ( Fig. 1) , which is part of the ionotropic class, has also been examined as a potential target for a neuroprotective strategy. Glutamate, while an essential neurotransmitter, has been implicated, when present in high concentrations, as contributing to the excitotoxicity of a number of neurodegenerative diseases. When glutamate is present in high concentrations, it results in the activation of ionotropic glutamate NMDA receptors. One of the promising developments associated with this excitotoxicity effect of activation of NMDA receptors was the finding that memantine, a selective noncompetitive antagonist of the NMDA receptor, which blocks the toxic effects of glutamate excitotoxicity, would be a new approach in the treatment of neurodegenerative diseases like glaucoma. Unfortunately, the phase 3 clinical trial for memantine treatment of glaucoma failed to demonstrate a significant effect on progression of the disease from the control group. This finding was a setback for developing potential neuroprotective drugs; however, memantine has shown clinical efficacy in patients with Alzheimer's disease and Parkinson's disease. 14, 15 Perhaps, a potential problem with the memantine glaucoma study stems from the uncertainty of how RGCs die in glaucoma. For instance, there are a number of different morphologically distinct RGC subtypes 16, 17 and some of these RGCs may be more susceptible to excitotoxity than others. For instance, Ullian et al. 18 demonstrated that RGCs treated with 500 mM glutamate for 1 h did not result in RGC death, whereas hippocampal neurons treated with glutamate for 1 h resulted in 100% cell death. Recent data using neuronal and glial cell cultures suggest that memantine can also release neurotrophic factors from astroglia and provide antiinflammatory actions, and prevent microglial activation. 19 Thus, actions of memantine may include several mechanisms that bring about neuroprotection in neurodegenerative diseases like Alzheimer's or Parkinson's disease. Perhaps, further investigations into other related pathways for glaucoma progression are needed to identify better targets.
In addition to NMDA receptors, there are other receptors, like a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors that belong to the ionotropic glutamate receptors (iGluRs), which have been implicated in neurodegeneration. AMPA glutamate receptors are associated with the majority of fast excitatory neurotransmission in the central nervous system (CNS) and their dysregulation has been associated with several neurodegenerative disorders. 20, 21 There has been an increased interest in the role of AMPA receptors in glutamate-induced excitotoxicity in RGCs. [22] [23] [24] [25] [26] [27] The subunits of the AMPA receptor can be posttranscriptionally modified by alternative splicing, forming flip and flop isoforms. 28 The flip isoform has a slower desensi-tization time and faster recovery time, and produces a larger current amplitude and steady state compared to the flop isoform. 28 These differences in response rate and recovery play a role in excitotoxicity during disease conditions in which changes in the AMPA receptors may increase the susceptibility of neurons to excitotoxicity. Changes in AMPA receptor flip to flop ratio were seen in neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS), ischemia, retinitis pigmentosa, and Parkinson's disease, [29] [30] [31] [32] and more recently with RGCs. 27 Therefore, modification of these AMPA receptor isoform ratios may occur during glaucoma pathogenesis, which contribute to the progressive pathology that occurs in glaucoma. Additional studies are needed in which shifts in isoform ratios of AMPA receptor flip to flop can be observed in different RGC types and their susceptibility to noxious stimuli determined. Furthermore, it will be beneficial if we can measure these differences in animal models of RGC neurodegeneration.
Another agent that has been found to protect against NMDA-induced retinal neuronal death is the endogenous oligopeptide ligand to the GPCR for apelin (APJ receptor). 33, 34 In support of this action has been the observation that apelin deficiency in mice accelerates the progression of the neurodegenerative disease, ALS. 35 This apelin peptide appears to act through G-protein inhibition of adenylate cyclase. 36 How this functions in protecting neurons is not clear. Recently, it has been shown that apelin protects against NMDA-induced retinal neuronal death by activation of Akt and ERK1/2, while suppressing tumor necrosis factor-a (TNF-a). 37 In addition, nonpeptide synthetic agents that interact with the APJ receptor have been developed, and these agents may show promise as potential drugs to test as neuroprotective agents on RGCs.
Sigma receptors
The Sigma-1 receptor (s-1r) has also emerged as a potential new neuroprotective target that protects RGCs from noxious stimuli and prevents RGC loss that is associated with neurodegeneration. 38 s-1rs are a 26 kDa transmembrane protein found on the endoplasmic reticulum (ER) that translocate from the ER to interact with ionotropic channels located on the plasma membrane. 39 This molecular signaling pathway enables the ubiquitously expressed s-1r to associate and regulate many ligand-gated ion channels that are found on the plasma membrane of many different cell types throughout the body. 39, 40 In the retina, s-1r has been identified with major expression seen in the RGC layer. 41 The mechanism for s-1r neuroprotection is still not clear; however, several observations suggest that the s-1r can interact with l-type voltage-gated calcium channels to regulate neuronal intracellular calcium concentrations when the receptor translocates to the plasma membrane. 42 Furthermore, when RGCs are exposed to ischemic conditions or subjected to excitotoxicity, activation of s-receptors results in cell protection. This is enhanced when RGCs are treated with the s-1r agonist (+)-pentazocine. 38, 43, 44 s-1r also appears to decrease cell death signal elements, thereby promoting cell viability as well as regulating intracellular calcium signaling. 43, 45 The s-1r also regulates mitochondrial function by regulation of calcium-dependent and calcium-independent mechanisms. The signaling mechanisms by which the s-1r modulates calcium entry into the mitochondria are being elucidated. Calcium overload in the mitochondria may lead to apoptosis by the generation of reactive oxygen species (ROS), triggering of the permeability transition pore, and release of cytochrome c with subsequent cell death. Activation of s-1r protects cells and neurons from death by attenuating multiple components in the cell death pathway, including inducing changes in the mitochondrial membrane potential and preventing cytochrome c release 43, 46 (Fig. 1 ). Recent observations have suggested that the s-1r decreases calcium currents in RGCs, 42, 45 inhibits glutamate-induced increase in intracellular calcium concentrations, prevents overexpression of the proapoptotic protein Bax and the activation of caspase-3, and protects against b-amyloid toxicity by inhibiting overexpression of Bax and TNF-related apoptosis inducing ligand and phosphorylation of c-Jun N-terminal kinase ( JNK) in rat retina. 43, 47 In support of these cellular findings is the observation that s-1r stimulation provides in vivo protection against retinal degeneration in a diabetic retinopathy animal model. 48 It was further shown that there is a direct relationship between s-1r stimulation and the neuroprotective effects of the ERK1/2 pathway in purified RGCs when they are subjected to oxygen and glucose deprivation. 49 The s-1r agonist (+) pentazocine prevented RGC death in an NMDAinduced murine model that was absent in s-1r -/-(s-1r knockout) mice. 50 Collectively, these findings suggest that the activation of s-1r may be a useful therapeutic target for RGC neuroprotection. More preclinical research needs to be performed to demonstrate the neuroprotective efficacy of s-1r in glaucomatous animal models.
Endothelins
Another promising target for neuroprotection are the receptors belonging to the endothelin family of peptides, the endothelin A receptor (EDNRA or ET A ) and the endothelin B receptor (EDNRB or ET B ). Endothelins are potent 21amino acid vasoconstrictor peptides that exist as three isoforms, endothelin-1 (ET-1), endothelin-2 (ET-2), and endothelin-3, each encoded by a separate gene, and are produced from the action of endothelin-converting enzyme from the 38 amino-amino acid precursor Big endothelin. ET-1 has gained recognition as playing an important role in neurodegeneration, particularly as it relates to glaucoma. 51 While the endothelin pathway has been implicated in a wide variety of studies both in human and animal models of glaucoma, the exact mechanism responsible for these actions is not clear. Early studies have shown that ET-1 levels are elevated in the aqueous humor of POAG patients 52, 53 and in animal models of glaucoma. [54] [55] [56] Recently it was shown that one of the early changes noted in an animal model of glaucoma was the persistent elevation of ET-2 57 and EDNRB receptors. 58 Continuous peribulbar administration of ET-1 in primates produces optic neuropathy, 59, 60 and administration of ET-1 into rat eyes can promote loss of RGCs 61 acting through EDNRB receptors. [62] [63] [64] [65] Since endothelins are potent vasoactive agents, the mechanisms responsible for ET actions could include a vascular component, particularly as reduced ONH blood flow and vascular dysregulation is thought to contribute to the progression of glaucoma. Chauhan et al., 66 however, demonstrated that chronic administration of low-dose ET-1 that results in loss of RGCs had no significant effect on blood flow of the optic nerve, supporting the notion that ETs have a direct action on RGCs. Wang et al. 62 showed an increased immunohistochemical staining for EDNRB receptors in human glaucomatous optic nerves compared with agematched controls, and Rogers et al. 67 observed increases in EDNRB expression in glial cells in the optic nerve following optic nerve transection.
The role of astrocytes in the ET response was supported from studies demonstrating that ET-1 stimulation involves ONH astrocyte activation and proliferation, both implicated in the progressive neurodegeneration in glaucoma. 61 It was also found that there was an early increase in EDNRB messenger RNA (mRNA) expression in the retina that was sustained for 8 weeks in a rodent elevated IOP model of glaucoma. 58 Could an increase in EDNRB receptors be an early biomarker for glaucoma? Krishnamoorthy et al. 63 showed that EDNRB expression increased in RGCs after intravitreal injection of ET-1 and this was accompanied by apoptosis of RGCs, and ET-1mediated apoptosis was attenuated in EDNRB-deficient rats. 63 Recent studies from Simon John's laboratory showed that blocking endothelin receptors, using bosentan or macitentan (antagonists for both EDNRA and EDNRB receptors), is neuroprotective in a mouse ocular hypertension model of glaucoma. 68 Whether these observations are translatable into clinical efficacy awaits further evidence and clinical trials with endothelin antagonists. A clinical trial involving the EDNRA/EDNRB receptor antagonist, bosentan, is being assessed for efficacy in treating nonarteritic anterior ischemic optic neuropathy (NAION). However, no intermediate results are available yet for another 2 years. In another study, bosentan was also administered to healthy volunteers and glaucoma patients. It was found that significant increases in ocular blood flow occurred in both groups after 8 days of treatment. 69 Unfortunately, this short-term treatment regime did not provide for any collection of data concerning visual fields or progression of the disease. Long-term studies are needed with bosentan to determine if this will be an efficacious treatment for glaucoma. These studies suggest that the endothelin system appears to play a pivotal role in the neurodegeneration process and ET antagonists might be a potential treatment as a neuroprotective agent in glaucoma.
Tumor necrosis factor-a
Another molecule that has emerged as a key contributor to glaucoma progression is the cytokine TNF-a 70 and its superfamily of receptors. TNF-a interacts with two receptors TNF-R1 (p55) and TNF-R2 (p75) that are expressed on neurons, astrocytes, and microglia, with TNF-R1 containing the death domain that is involved in cell apoptosis 71 (Fig. 1 ). Yang et al. 58 showed an increase in TNF-R1A receptor expression in an ocular hypertension model of glaucoma in rodents and an increased immunohistochemistry intensity for TNF-a and its receptor was observed in glaucomatous eyes compared to controls. 72 Furthermore, TNF-a was predominantly positive in the glial cells, while TNF-R1 receptors were found mainly on RGCs. Nakazawa et al. 73 found increased concentrations of TNF-a in the ocular hypertensive mouse model retina, which was followed by microglial activation and delayed loss of RGCs. It was also reported that deleting genes encoding for TNF-a or its TNF-R2 receptor resulted in an attenuation of RGC death following elevation of the IOP. 73 This supported their conclusion that TNF-a acts through the TNF-R2 receptor to produce neurodegeneration in glaucoma.
TNF-a also promotes ET-1 release from nonpigmented ciliary epithelial cells 74 as well as from ONH astrocytes, 75 and from retinal pigmented epithelial cells, 76 suggesting that some of TNF-a's effects could be due to the release of endothelin. Increasingly, it has been proposed that a neuroinflammation component may play an important role in the progression of glaucoma. 77 In animal models, intravitreal injection of TNF-a mimics glaucomatous damage in control mice 73 and an inhibitor of TNF-a prevents RGC loss in a rat model of glaucoma. 78 An important protein associated with the TNF-a pathway is optineurin. The protein optineurin has various cell functions that include nuclear factor-kB (NF-kB) regulation, autophagy, membrane trafficking, and exocytosis, and a role in reorganization of actin and microtubules. 79 Optineurin interacts with E3-14.7k protein that inhibits TNF-a-induced apoptosis. 80 Mutations in optineurin are responsible for a significant portion of low-pressure glaucoma/POAG families. 79 Overexpression of optineurin inhibits the TNF-a increase in the NF-kB activity. 81 Such actions prevent TNF-a-induced cell death. Activation of NF-kB is associated with chronic neuroinflammatory conditions and the ability of optineurin in preventing NF-kB activation suggests that alterations in the optineurin activity might be an important target for controlling neuroinflammation associated with glaucoma. The role of TNF-a in neuroinflammation and RGC death is also known and may involve astrocytes and microglia. 82 What contribution TNF-a plays in the progression of neuroinflammation seen in glaucoma remains to be established.
Potential Targets of Neuroprotection in Glaucoma-Oxidative Stress and Antioxidants
It is widely known that oxidative stress is involved in the etiology of glaucoma. [83] [84] [85] [86] [87] [88] [89] The correlation between oxidative stress and glaucoma was also confirmed from a variety of human subject studies and animal experiments. 86, 90 In this study, we summarize the major contributing factors of oxidative stress, role of ROS, oxidative stress-induced apoptosis in glaucoma, and the potential therapeutic approaches to alleviate oxidative stress in glaucoma.
Understanding the mechanisms of ROS-induced oxidative stress is very crucial for designing strategies in prevention of damage caused by ROS. Based on the involvement of ROS in the etiology of glaucoma, there are several strategies to control the balance of ROS and antioxidants. They include the following: control endogenous antioxidants and antioxidant enzymes; administration of antioxidants; control of ROS production; and regulating the expression of antioxidative factors or genes.
Antioxidants
Administration of antioxidants is a direct approach to neutralize ROS in cells to decrease the possible damages caused by oxidative reactions. Clinical studies and animal experiments have investigated the effects of antioxidants in heart attack, neurodegeneration, cancer, and eye diseases, including agerelated macular degeneration, cataract, and glaucoma. There are a variety of antioxidants being applied in animal studies and clinical studies, including vitamin C, vitamin E, lutein, CoQ10, and flavonoids, Ginkgo biloba, Lycium barbarum, Table 1 . Application of Antioxidants in Animal Models of Glaucoma
Administration Effects in animal models Reference
Vitamin B3 Oral
Prevented RGC death and axon loss, and protected mitochondrial intact in DBA/2J mice with elevated IOP.
Williams et al. 91

CoQ10
Oral Promoted RGC survival and attenuated axon loss in DBA/2J mice and C57BL/6 mice, and rats with retinal ischemia. Normalized the expression of genes and proteins associated with oxidative stress and apoptosis.
Lee et al., 92, 93 Nucci et al., 94 Russo et al. 95 Ghrelin Intraperitoneal injection Less cell apoptosis in IOP-elevated rats treated with ghrelin.
Can et al. 96 Lycium barbarum Oral Attenuated RGC loss and decreased retina damages in rats with optic nerve transection and mice with elevated IOP.
Li et al., 97 Mi et al. 98 a-Lipoic acid Oral Reduction of RGC death and decreased oxidative genes and proteins in DBA/2J mice.
Inman et al., 99 Razali et al. 100 Resveratrol and flavonoids Eye drop/oral/ Intraperitoneal injection Lowered steroid-induced IOP, reduced oxidative stressmediated damages, attenuate RGC loss in rats and mice in IOP-elevated and optic nerve crush models.
Pirhan et al., 101 Lindsey et al., 102 Razali et al. 103 IOP, intraocular pressure; RGC, retinal ganglion cell.
NEUROPROTECTION AND GLAUCOMA
a-lipoic acid, and ghrelin. In this study, we review and summarize some studies in glaucoma using antioxidants in animal models [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] (Table 1) and human patients [104] [105] [106] [107] [108] [109] [110] ( Table 2) .
Vitamin B3
Vitamins C and E have been given as food supplements in the treatment of glaucoma 83, 111 ; however, the effects of vitamins C/E in glaucoma patients are still ambiguous. Recently, Simon John's group showed that intake of vitamin B3 prevented RGC death, axon loss, mitochondrial damage, and malfunction of axonal transport in DBA/2J mice with elevated IOP, although vitamin B3 administration did not lower IOP. 91 Nicotinamide/nicotinic acid mononucleotide adenylyltransferase 1 (NMNAT1) is a key enzyme that converts vitamin B3 to nicotinamide adenine dinucleotide. The latter plays an important role in redox reactions. Accordingly, adeno-associated virus type 2 (AAV2)-mediated overexpression of NMNAT1 also protected eyes from glaucomatous neuron degeneration in DBA/2J mice. 91 The improvement in RGC survival and anterograde transport was found in mice with NMNAT1 gene therapy. RNA-Seq-detected gene expression profiles were also carried out to confirm the protective effects of B3 intake and NMNAT1 gene therapy. 91 This study suggests that antioxidant effects of B3 may play a crucial role in neuroprotection in glaucoma.
Flavanoids
G. biloba contains flavonoids and is one of herbs commonly used in Chinese traditional medicine. G. biloba extract (GBE) was considered an antioxidant in defense of oxidative stress in glaucoma 90 and is used to alleviate oxidative damage in glaucoma patients and animal models. GBE administration attenuated the RGC loss in IOPelevated rats orally supplied EGb 761 (a type of GBE), 112 restored hydrogen peroxide-mediated mitochondrial membrane potential loss, 90 and altered remodeling of extracellular matrix at trabecular meshwork from dexamethasoneinduced IOP elevation in rabbits. 113 GBE application was also beneficial to blood flow, visual field test, and contrast sensitivity in normal tension patients 105, 106, 114 ; however, Guo et al. 107 were unable to detect any effect of GBE on mean deficit or contrast sensitivity in their group of normal- The information was extracted publication from 1980 to present.
Milea and
Aung, 109 Patel et al. 110 
patients from 6 studies
Restore visual field of human subjects, but no effect on lowering IOP. tension glaucoma patients. These differences in outcomes appear to be related to patient selection criteria, including confounding effects of local and systemic therapies. Additional clinical studies are needed to determine the usefulness of GBE for low-tension glaucoma. 107 Epigallocatechin-3-gallate (EGCG), the ester of catechin belonging to the family of flavonoids and a type of polyphenol, is found in green tea. It is approved to be a powerful antioxidant 115, 116 as an ROS scavenger, as well as an antiinflammation 117, 118 and anticancer reagent. [119] [120] [121] [122] Administration of EGCG significantly promoted the survival of RGCs 123, 124 and increased the higher protein concentrations of neurofilament triplet l of the optic nerve in glaucomatous models in rats and mice. 123 It was suggested that EGCG has neuroprotective effects to prevent RGC death and axon loss. EGCG treatment also attenuated upregulation of neuronal nitric oxide synthase (nNOS) and Bax proteins caused by optic nerve axotomy in rats and induced an increase in phosphorylated ERK1/2 and phosphorylated-Akt. 125 Other proapoptotic genes and proteins like caspases 3 and 8 were downregulated by EGCG application in an ischemia/reperfusion (I/R) rat model. 126 EGCG exerted its neuroprotective effect not only on prevention of RGC death and axon loss but also on deactivation of astrocytes and Müller cells in glaucoma. 127 
Antioxidant enzymes
Protective mechanisms against oxidative stress are tightly linked with the activities of antioxidant enzymes, including superoxide dismutases (SODs), and catalases. Mutations of these enzymes alter the enzymatic reactions; thus the balance between ROS production and clearance is altered leading to conditions of oxidative stress.
Myocilin mutation at Y437H in mouse is considered a glaucoma model that results in elevated IOP. A heterozygous deletion of SOD2 in mice (Tg-MYOC(Y437H +/+ )/SOD +/-) produced a higher IOP and a greater loss of RGC in retina compared to mice carrying either Tg-MYOC(Y437H +/+ ) or Tg-SOD2 +/-. 128 In addition, some mutations of these antioxidant enzymes are associated with glaucoma in human patients. For example, a single nucleotide polymorphism (SNP; rs4880; c.47T>C) in the manganese superoxide dismutase gene (Mn-SOD) was detected in POAG patients who had slightly higher IOP than controls. 129 Although other mutations in SOD were also detected in glaucoma patients 130, 131 ; there was no confirmed direct association between the mutations of SOD and onset of glaucoma in humans. Several different studies confirm the alterations of SOD enzyme activities that occur in glaucoma patients. An increase of SOD, glutathione peroxidase (GPx), and catalase in the red blood cells was identified in 30 POAG patients compared to the control group (25 cataract patients). 132 Furthermore, a significant increase of SOD and GPx was also detected from aqueous humor of 30 POAG and 30 primary angle closure glaucoma patients compared to the age-matched cataract patients. This increased enzyme activity was associated with decreased levels of vitamins C and E. Taken together, modulation of antioxidant enzyme activity plays a key role in prevention and protection of damage caused by glaucoma.
Changes or control of antioxidant enzyme activity directly regulates the concentration of ROS in cells through adjustments of production and neutralization of ROS. Overexpression of SOD2 has been shown to be an effective approach to alleviate the damage caused by ROS in glaucoma animal models. In a laser-induced IOP elevation in rat, intravitreal injection of AAV-encoding SOD2 protected RGC death and decreased malondialdehyde, which is a product of lipid peroxidation and a marker of oxidative stress. 133 In addition, upregulation of SOD2 or catalase in an ischemia/perfusion mouse/rat model decreased levels of superoxide, 8-hydroxy-2¢-deoxyguanosine, and nitrotyrosine, and correspondingly had less cell apoptosis. 134, 135 Regulating expression of antioxidative factors or genes
Oxidative stress is thought to be a contributing factor in cell death in various neurodegenerative diseases, including glaucoma. 86, 90 One of the genes activated by oxidative stress and ROS is the transcription factor, nuclear factor erythroid 2-related factor 2 (Nrf2). In addition, Kelch-like ECHassociated protein 1 (Keap1), NF-kB, hypoxia-inducible factor 1, mitogen-activated protein kinases (MAPK), and phosphoinositide 3-kinase/Akt 136 are also tightly controlled by gene regulation in pathological conditions. There are several well-identified pathways involved in maintaining the balance between ROS production and clearance. For example, NF-kB is a crucial transcription factor regulating Mn-SOD, ferritin heavy chain. 137 Activating transcription factor 1 (ATF-1) is an upstream regulator for GPx1 138 and PPARg coactivator 1a (PGC-1a) plays a key role in regulating GPx1 and SOD2. 139 Nrf2 is a transcription factor belonging to a basic leucine zipper family. Nrf2 is responsible for oxidative stress, translocates into the nucleus, and binds to antioxidant response elements (ARE). In response to these oxidative stimuli, it regulates many antioxidative genes, including thioredoxin reductase 1, heme oxygenase-1, and glutathione S-transferase, 140 following binding to ARE and triggers the downstream gene expression.
In animal models with glaucomatous damage, activation of Nrf2 alleviated RGC loss. Optic nerve crush induced RGC death and axon loss was prevented in wild-type mice treated with an Nrf2 activator, 1-(2-cyano-3-, 12-dioxooleana-1, 9 (11)-dien-28-oyl) imidazole (CDDO-Im), and CDDO-Im-activated neuroprotection was abolished in Nrf2 knockout mice. 141 Furthermore, enhanced antioxidant and related enzymes were detected after CDDO-Im treatment. 141 This study suggests that Nrf2 plays an important role in regulating the antioxidant system that prevents the damage caused by oxidative stress. In another study of glaucomatous damage induced by I/R injury in mice, it was found that the damage was more severe in Nrf2 knockout mice compared to that in wild-type mice. 142 It was suggested that neurodegeneration seen in optic nerve crush and I/R appeared to be a result of the overproduction of ROSmediated oxidative stress, leading to apoptotic signaling and cell death. 135, [143] [144] [145] Keap1 is an endogenous repressor protein of Nrf2, which acts by binding to Nrf2, and promotes Nrf2 ubiquitination. Ubiquitylated Nrf2 rapidly undergoes degradation by the proteasome. 146 Using genetic pharmacological approaches to regulate the protein levels of Nrf2 or Keap1 could be a potential tool to protect cells against oxidative stress. As already mentioned, AAV2-mediated overexpression of NMNAT1 had neuroprotective effects resulting in an increased RGC survival and axon function in DBA/2J mice with an elevated IOP. 91 Gene therapy may be a promising approach to regulate gene expression to attenuate oxidative stress that leads to RGC loss.
ROS-induced damage is involved in the etiology of glaucoma and targeting ROS and oxidative stress could be a beneficial therapeutic target. Although a number of reports have shown beneficial effects of antioxidative strategies in animal glaucomatous models and cell cultures, additional studies are needed to demonstrate that these effects would be useful approaches in clinical therapeutics.
Mitochondria and Neurodegeneration
RGCs and their nerve fibers of the optic nerves are specialized neurons that are tasked with the transmission of visual stimuli from the environment to the visual processing centers of the brain. There are increases in the amount of mitochondria in the unmyelinated nerve fibers that comprise the ONH. Their presence in the optic nerve may be necessary for the high energy demands of RGCs and transmission of nerve impulses. Neurons and other cells utilize mitochondria for several processes, including generation of energy in the form of ATP. In addition, it has become increasingly clear that mitochondria are controllers and contributors to the process of cell death involving apoptosis, and are tasked with regulating the cells' response to oxidative stress and other toxic stimuli. 147 Mitochondria also contribute to the maintenance of calcium homeostasis.
Understanding the role of mitochondria in the retina, including RGCs, is relevant to human diseases as there are mitochondrial abnormalities in patients with retinal diseases, including POAG, Leber hereditary optic neuropathy (LHON), and dominant optic atrophy. [148] [149] [150] [151] [152] [153] Perturbations in mitochondrial dynamics as a result of mutations in nuclear or mitochondrial genes involved in regulating cell processes are linked to diseases such as LHON, dominant optic atrophy, and Parkinson's disease. [148] [149] [150] [151] [154] [155] [156] Interestingly, mitochondrial dysfunction has also been implicated as a secondary causative factor in the development of glaucoma. 157 Recently, Khawaja et al., 158 using gene set analyses of a large cohort of patients, identified mitochondrial enzyme pathways critical to the pathogenesis of POAG, particularly identifying lipid and carbohydrate pathways.
In addition, in POAG patients, mitochondrial DNA mutations and increased mitochondrial DNA content were identified, suggesting increased pathological changes in RGCs and the inability to provide increased response to oxidative stress. 152, 159 Furthermore, there was reduced mitochondrial respiration in a significant population of POAG patients. 152, 159 In lymphocytes from POAG patients, there were decreased ATP produced from mitochondrial complex 1 with no measurable changes in ATP production from complex 2. 157 Taken together, these data suggest that the optic neurodegeneration observed in glaucoma may be associated with mitochondrial dysfunction.
Neurotrophins
Neurotrophins (NTs) are promising agents for neuroprotection as they act by promoting cell survival effects in neurons both in the CNS as well as the peripheral nervous system. During development, only those neurons that are able to innervate NT-releasing target tissues survive, while other neurons deprived of trophic support are eliminated by apoptosis. The ability of NTs to promote neuronal survival and facilitate synaptic pruning during development provides a strong rationale for the use of NTs for neuroprotection. Our focus will be mainly on the following members of the NT family, namely, nerve growth factor (NGF), BDNF, NT-3, ciliary neurotrophic factor (CNTF), and NT-4/5, and their potential for neuroprotection in glaucoma. NTs are not only synthesized in the brain but also locally produced in the retina. Surprisingly, NTs and Trk receptors are also expressed in the lamina cribrosa and ONH astrocytes, 160 which may serve as additional sources of NTs in the microenvironment of the optic nerve axons. BDNF along with its TrkB receptor is taken up from the brain by RGC axon terminals and retrograde transported to the somas of RGCs. Upon binding of NT to their Trk receptor, there is a dimerization and cross-phosphorylation of the receptor subunits, 161 which trigger signaling cascades leading, in general, to prosurvival cellular responses. One of the prototypical signaling cascades activated by NT signaling through Trk receptors is the Ras/Raf/MEK/ERK1/2 MAP kinase pathway 162, 163 (Fig. 1 ). Activation of Trk receptors by NTs also induces the PI3-K/Akt/mTOR pathways evoking prosurvival and/or progrowth cellular responses. These prosurvival signaling effects are consistent with the neuroprotective actions of NTs.
The multiple receptor types bound by NTs and their diverse signaling leading to different cell fates are some of the challenges to be considered when NTs are to be used as agents for neuroprotection. BDNF administration in the superior colliculus of neonatal hamster leads to a 13-to 15fold reduction in pyknosis of RGCs, suggesting a key role for target-derived BDNF in promoting RGC survival. 164 In adult retinas, a stable complex of NTs and their Trk receptor is formed, which is taken up by endocytosis and retrograde transported by the axon to the cell body. 165 Retrograde and orthograde axonal transport can be blocked by elevated IOP. [166] [167] [168] This decline in axonal transport is thought to be a main cause of neurotrophic deprivation in RGCs, [169] [170] [171] which could lead to neurodegenerative changes seen in glaucoma. Survival of adult RGCs is maintained by transported as well as locally produced NTs. [172] [173] [174] During glaucoma, due to degenerative changes in the RGCs and ONH, decreased local production of NTs in the retina as well as additional obstruction to retrograde transport contribute to disease progression. There was a decrease in immunostaining for endogenous BDNF and NT-4/5 from the superior retina following IOP elevation for 7 days, which coincided with the evidence of axonal degeneration in rats. 175 However, NT deprivation by itself could not be the only explanation for RGC death during glaucoma. It was possible that in case of retrograde transport blockade, NTs expressed in situ could compensate for deficits in the brainderived NTs. However, the relative contribution of brain and locally derived NTs toward neuronal survival, as well as various effects of NTs on somal and axonal compartments, are not completely understood. 169, 176, 177 While NTs are promising neuroprotective agents that act by decreasing RGC loss during axonal injury, this strategy results only in temporary results. [178] [179] [180] [181] This could be due to a deficit in Trk receptors in injured RGCs. 182 Conflicting effects on NT neuroprotection could be due to differential expression of Trk and p75 receptors. For instance, Coassin et al. 183 demonstrated that during elevated IOP, retinal NGF expression was upregulated and it correlated with RGC death, possibly because the expression of the proapoptotic p75 was greatly increased relative to that of TrkB. Similarly, Rudzinski et al. 184 found that during IOP elevation, there was a dysregulation of NT receptors and proposed a neuroprotective strategy of a combination of Trk receptor agonists and p75 receptor antagonists. It is clear that mere administration of NTs would not be sufficient as a neuroprotective strategy, suggesting that a concurrent regulation of receptor expression would be necessary for optimal neuroprotection. These findings underscore some of the difficulties involved in a neuroprotective approach using NT administration. NGF (200 mg/mL) administered as eye drops has been shown to be neuroprotective for RGCs through blocking apoptosis in rat eyes. The authors also tested NGF drops on three human glaucoma patients and evaluated changes in pattern electroretinography, visual field, and visual evoked potential assays. The NGF topical administration was found to improve inner retinal function; however, no placebo controls were included in this study. 185 In another study, using Morrison's model of IOP elevation in rats, Colafrancesco et al. 186 found an increase in NGF in the retina, followed by a drastic drop below normal levels leading to RGC apoptosis. The authors found a significant protection of RGCs in this model by topical treatment with NGF drops.
CNTF is another NT, which has neuroprotective properties as it prevents RGC loss in models of glaucoma and ischemic optic neuropathy. 187, 188 In addition to its neuroprotective role, CNTF can also stimulate axonal regeneration. In an optic tract injury model, CNTF was shown to participate with other factors in the formation of functional synapses and enhancement of visual function. 189 Recently, a cell-based intraocular device was developed with the ability to secret CNTF. This encapsulated cell therapy-based device Renexus (NT-501) was implanted in patients with chronic retinal degenerative diseases, retinitis pigmentosa, and geographic atrophy. The patients tolerated this implant well and the pharmacokinetics indicated that the implants produced CNTF consistently over a 2-year period. 190 This implant has yet to be tried in a glaucoma patient cohort. The technology indicates that encapsulated cell-based technology could be used to produce NTs for extended periods of time. Such a profile may be of benefit for studying effects of various NTs on the progression of glaucoma.
The use of AAV to target gene expression has also emerged as a safe and promising approach for the treatment of ocular disorders after the successful phase 1 clinical trial for Leber's Congenital Amaurosis using AAV-mediated gene delivery of the RPE65 gene. 191, 192 In a rat model of glaucoma, AAV-mediated BDNF expression in RGCs significantly increased RGC survival (up to 52%) after 4 weeks of IOP elevation. 193 Cheng et al. 194 used a combination of AAV vector-mediated TrkB expression and intraocular injections of BDNF to promote RGC survival following a similar IOP elevation. Another attractive approach is the transplantation of progenitor or stem cells for neurodegenerative conditions of the CNS, and in particular the retina. Some of the neuroprotective effects of transplanted cells occur by the production and secretion of NTs. 195 Clearly, neuroprotection using NTs is an evolving field with additional refinements needed to enhance the efficacy and block some of the receptor cross talk, particularly the opposing effects of Trk and p75 receptors.
Nitric Oxide
Most of the current therapies of glaucoma are aimed at lowering IOP by either reducing aqueous humor formation or increasing outflow through the uveoscleral pathway. 196 There is evidence that nitric oxide (NO) induction may mediate IOP-lowering effects predominantly through an increase in the aqueous outflow, through the conventional pathway of trabecular meshwork and Schlemm's canal. NO donors have been found to lower IOP in several different species, including rabbits, dogs, and monkeys. [197] [198] [199] Intravitreal or intracameral administration with the NO donor 3-morpholinosydnonimine (SIN-1) or S-nitroacetylpenicillamine (SNAP) produced a drastic IOP-lowering effect in the rabbit eye. 200 Acharya et al. 201 reported the synthesis of a hybrid compound comprising SIN-1 and an SOD-mimetic group, which has the potential for prolonged NO release by quenching ROS. Topical administration of NO donors SNP and SNAP in rabbits were shown to increase NO and cyclic guanosine monophosphate (cGMP) in the aqueous humor and iris ciliary body. 202 Several derivatives of PG analogs with NO donor moieties have been tested.
Mechanisms contributing to NO actions include cGMPmediated changes in cytoskeletal elements such as inhibition of Rho kinase and myosin light chain kinase activities. In addition, NO could reduce calcium influx through l-type calcium channels by acting through potassium channels leading to membrane hyperpolarization. 203 In the trabecular meshwork, Rho kinase inhibitors have been shown to inhibit MLC-2 phosphorylation and affect actomyosin organization, and cell contractility, thereby contributing to increased aqueous humor outflow. 204 While there is abundant evidence for the ability of NO to increase aqueous humor outflow through the conventional outflow pathways of trabecular meshwork and Schlemm's canal, there are no clear data regarding the involvement of NO in neurodegeneration. Neufeld et al. 205 demonstrated an increase in NOS-1, NOS-2, and NOS-3 as well as NOS enzymes in the ONH astrocytes of glaucoma patients. Subsequently, several studies from the same laboratory demonstrated an increase in NOS-2 expression in rats with an elevated IOP (by cauterization of their episcleral veins) and provided evidence for neuroprotective effects of NOS-2 inhibition using aminoguanidine. 206, 207 These studies suggested that high levels of NO released by upregulated NOS-2 contribute to damaging effects on RGCs and their cell death. However, no increase in NOS-2 was found using the Morrison's model of IOP elevation in rats; and treatment with the NOS-2 inhibitor (aminoguanidine) did not have any protective effects on neurodegeneration of the optic nerve in this model. 208 The authors also found that NOS-2 immunoreactivity in ONHs and optic nerves from POAG patients was similar to those of control human eyes. Some of the discrepancies between these findings could be due to differences in the animal models of IOP elevation. In the congenital DBA/2J mouse model of glaucoma, neither deletion of NOS-2 nor treatment with aminoguanidine protected against optic neuropathy. 209 On the other hand, Chen et al. 210 showed an increase in nNOS (NOS-1) in Muller cells in the DBA/2J mice, and intraperitoneal administration of L-NAME protected against loss of Brn3a-positive RGCs. A recent study by Husain et al. 211 reported increased immunostaining for NOS-2 in the ONHs of female rats with elevated IOP, which was attenuated by treatment with the dopioid receptor agonist. The precise involvement of NOS-2 in mediating neurodegeneration is still not completely clear, some of the differences in findings could be due to the transient nature of expression of the protein, which could occur in a narrow time window and vary depending upon the specific model of optic neuropathy.
The glaucoma drug nipradilol (a donor of NO and an antagonist of a-1 and b-1 and -2 adrenoreceptors) has been shown to have neuroprotective effects attributable to its NO release. Karim et al. 212 demonstrated significant neuroprotection of RGCs in a rat optic nerve crush model following topical application of nipradilol. Watanabe et al. 213 found nipradilol treatment produced a fourfold increase in the number of cat RGCs regenerating their axons into a transplanted peripheral nerve 4 and 6 weeks after axotomy. In another study in rabbits, Mizuno et al. 214 found an increase in the number of surviving RGCs and IPL thickness following intravitreal administration of nipradilol after NMDA-induced retinal damage. The authors also demonstrated that topical application of nipradilol, but not timolol, significantly reduced ET-1-induced contraction of the retinal artery. On the other hand, Takahata et al. 215 found that intravitreal administration of the NO-releasing compound Nethyl-2-(1-ethyl-2-hydroxy-2-nitrosohydrazino)ethanamine (NOC12) produced a significant and dose-dependent decrease in cell density in the ganglion cell layer and a reduction in thickness of the inner plexiform layer. Clearly, the type of NO donor, the amount of NO released, and its duration of action could have disparate effects on neuronal survival in the retina. However, it is within the realm of possibilities to develop an NO donor that releases NO at an optimal dose with beneficial effects on both IOP lowering and neuroprotection.
Heat Shock Proteins
Heat shock proteins (HSPs) are proteins that were serendipitously found by Ritossa 216 to be elevated following heat shock in drosophila. Subsequently, it was found that a variety of cellular and environmental stressors, including ultraviolet (UV) damage, low temperatures, wound healing, and tissue remodeling, also cause rapid induction of HSPs. The HSPs are important components of a cellular defense mechanism mediated by its various activities, including chaperone, antiapoptotic, and signal transduction. One classification of HSPs is according to their molecular size and distributes them into six families, including (1) small HSPs, (2) HSP40 (DNAJ), (3) HSP60 (HSPD), (4) HSP70 (HSPA), (5) HSP90 (HSPC), and (6) HSP110 (HSPH). We will focus mainly on HSP70 and crystallins since there is a considerable amount of literature on their role in glaucomatous optic neuropathy. Members of the HSP70 family are found principally in the cytosol as well as other organelles, including ER and mitochondria. HSP70 proteins comprise two main functional domains, namely, a C-terminal peptide binding domain and an N-terminal ATPase domain. 217 HSP70 is able to sense the conformation of unfolded proteins, bind to them, and permit folding of denatured proteins. HSP90 interacts with various signaling molecules, steroid hormone receptors, and protein kinases. Several HSPs are coordinately induced in response to cellular stress, suggesting a shared mechanism of gene expression. The basis for this coordinated induction of gene expression is the presence of a heat shock element in all HSP gene promoters that is bound by several heat shock transcription factors (HSFs) including HSF1, HSF2, HSF3, HSF4, HSF5, HSFX, and HSFY. The predominant HSF found in vertebrates is HSF-1 that plays a pivotal role in regulation of several HSPs during conditions of cellular stress. The status of HSF-1 during glaucomatous insults has not been adequately explored and this may generate an additional avenue to upregulate HSPs as a means to promote neuroprotection.
Piri et al. 218 described the expression of HSP70 and crystallins in the retina and changes in gene expression following various animal models of glaucoma. It is evident from many of these studies that HSPs play a beneficial role in promoting survival of retinal neurons by a multitude of mechanisms, some of which are already described. Interest in this area of research was stimulated by reports of elevation of antibodies to HSP27, crystallin aA, as well as crystallin aB in patients with normal-tension glaucoma, as well as POAG. 219 In addition, the authors demonstrated that incubation of human retinas with antibodies to aA-crystallin, aB-crystallin, and HSP27 produced apoptotic cell death particularly in the RGC layer. 219 Immunization of rats with HSP27 as well as HSP60 resulted in a significant loss of RGCs and damage to optic nerve axons. 220, 221 These observations are indicative of a neuroprotective role of these HSPs in RGCs.
The sHSP family contains a signature sequence of 80-100 amino acids, which is called the a-crystallin domain. Crystallins are members of the sHSP family that were originally identified in the lens fiber cells of the eye and shown to be responsible for maintaining the transparency of the lens. Subsequently, crystallins were found in several tissues, including the eye, and have been shown to protect against cellular stress and apoptosis. There are three main families of crystallins namely, a, b, and g. Fischer et al. 222 demonstrated that lens injury generated neuroprotective and neuroregenerative effects on RGC axons. These dramatic neuroprotective effects following lens injury involved the orchestration of several events, including activation and infiltration of macrophages into the eye, and the activation of various glial components, including microglia, retinal astrocytes, and Müller cells. [223] [224] [225] [226] Apart from neuroinflammation, lens-derived factors also contribute to axon regrowth of RGCs in culture. [226] [227] [228] A recent publication by Bohm et al. 229 demonstrated that neural progenitor cells overexpressing bB2 crystallin produced an increase in the number of neurofilament 200-positive axons from the injured site following optic nerve crush in Sprague Dawley rats.
The mRNA and protein expression of aAand aBcrystallins are downregulated by IOP elevation following trabecular photocoagulation 230 ; however the mRNA levels return back to control levels following 5 weeks of IOP elevation. 230 Ahmed et al. 231 found a decrease in mRNA expression of aA, aB, and bB2 in the retinas of Brown Norway rats subjected to the Morrison's method of IOP elevation (by administration of hypertonic saline through episcleral veins). The initial downregulation of crystallin expression could be one factor that predisposes RGCs to neurodegeneration. Data in support of this possibility come from the work of Munemasa et al. 232 who demonstrated an increased RGC survival following optic nerve transection in retinas treated with aA-crystallin as well as aB-crystallin 94 HE ET AL.
expression vectors. In another study, rats intravenously administered 50, 500 and 5,000 mg/kg of a-crystallin had an increased RGC survival that was associated with reduced microglial activation through downregulation of TNF-a and NOS-2. 233, 234 It is, however, unclear if this protective effect is mediated by the full-length protein or a peptide derived from proteolysis of a-crystallin HSPs, particularly HSP70 and crystallins, could act through diverse cellular mechanisms to promote neuroprotective effects. HSPs appear to be excellent candidates for robust neuroprotection due to their chaperone activities and prosurvival effects that occur under a variety of stress conditions. Several challenges remain to be addressed for HSPs, including stability, transport across the blood retinal barrier, and targeted delivery of HSPs to the RGCs.
Transcription Factors
Many diseases and syndromes are linked to mutations in the gene regulatory regions or that result in dysregulation in expression of transcription factors. The mutations are associated with various afflictions, including cancer, neurological disorders, autoimmunity, developmental syndromes, cardiovascular disease, and diabetes, among others. Specific to neurological disorders, loss of function mutations of transcription factors is connected to devastating phenotypes resulting from compromised neuronal functions. For example, loss of function mutation of early growth response protein 2 leads to the development of hypomyelinating neuropathy and axonal Charcot-Marie-Tooth disease, 235 homeobox protein engrailed-2 is connected to autism, 236 forkhead box protein G1 to Rett syndrome, 237 forkhead box protein P2 to speech language disorder, 238 and Pit-Oct-Unc (POU) class 3 homeobox 4 (Brn4) to nonsyndromic mixed deafness. 239 In this study, we will provide information regarding the involvement of transcription factors in glaucoma pathogenesis, some of which emerged from the understanding of gene regulation in various neurodegenerative diseases. Retrograde axonal injury activates various transcription factors in the cell body, which results in changes to the cell's transcriptome. 240, 241 Recent studies have highlighted the link between disease-associated variants in regulatory DNA sequences and glaucoma.
Sine oculis homeobox homolog 6 transcription factor
Sine oculis homeobox homolog 6 (Six6) is a member of the homeodomain transcription factor family and is required for normal eye development. 242 Recent genome-wide association studies have found that the Six1-Six6 and cyclindependent kinase inhibitor 2A, isoform INK4a (P16 INK4A ) loci, correlate with risk genes associated with POAG. [243] [244] [245] Recently, Six6-rs33912345 (His141Asn) risk variant was found to be strongly associated with POAG. [246] [247] [248] Highly upregulated expression levels of Six6 in conjunction with its target P16 INK4A (as an indicator of cell senescence and aging) were detected in a mouse model 5 days following acute IOP elevation to 90 mmHg. 249 Lack of either Six6 or P16 INK4A protected RGCs against apoptosis in this acute IOP model. 249 IOP elevation caused an increase in the levels of P16 INK4A through upregulation of Six6 His variant and its binding to the p16 INK4A promoter causing irreversible cell cycle arrest. 249 These data could help explain the molecular link between genetic susceptibility and other factors leading to the pathogenesis of glaucoma, in particular in the context of IOP elevation.
JNK/AP-1 pathway
Two transcription factor proteins, proto-oncogenes Jun (c-Jun) and Fos (c-Fos), are the main components of the ubiquitous transcription factor, activator protein-1 (AP1), which is a key regulator of RGC death and regeneration. 250 JNK belongs to the MAPK family and is associated with RGC death after axonal injury by activation of the c-Jundependent pathway. 251 Multiple AP1 family members were induced by retrograde axonal injury and differed in their expression profile between Jun knockout retinas compared to wild-type retinas. 252 Stressful conditions, such as growth factor withdrawal or UV radiation, also lead to binding of JNK to the N-terminal region of c-Jun and cause phosphorylation of c-Jun. In glaucomatous retinas (both following IOP elevation and optic nerve transection), phosphorylated JNK (p-JNK) and phosphorylated c-Jun were elevated in RGCs 2 and 7 days after laser-induced IOP elevation in rats. 253 Analysis of glaucomatous human donor eyes revealed increased levels of p-JNK in nonglial retinal cells, including RGCs. 254 Related to the activation of the JNK pathway is the upstream serine/threonine protein kinase, dual leucine zipper kinase (DLK), which activates the JNK pathway and initiates steps leading to apoptosis. 251 If one either inhibits DLK or institutes a conditional knockdown of DLK, this prevents cells from undergoing cell death from neural insults. 255 Similarly, an increase in DLK expression occurs following axonal injury and appears to be an early indicator of activation of the cell death pathway. Moreover, a small molecule inhibitor (tozasertib) binds to DLK and promotes RGC survival in an in vivo rodent optic nerve transection model. 256 These studies point to DLK as an important component in the RGC death pathway that is linked to JNK activation. Recent work by Fernandes et al., suggests that blocking DLK signaling will not prevent axonal degeneration following axonal injury. 255 Specific inhibition of JNK, using blocking cell permeable d-JNKI1 peptide, protected RGCs from degeneration in optic nerve crush model in mice. 257 Inhibition of JNK activity with d-JNKI1 and Tacrolimus (FK506) in Morrison's model of glaucoma in rats preserved optic nerve axons specifically by inhibiting phosphorylation of 14-3-3 protein and preventing further translocation of proapoptotic BCL2-associated agonist of cell death (Bad) protein to mitochondria. 258 Another JNK inhibitor, SP600125, has also been shown to prevent RGC death following a suture-pulley compression method of IOP elevation in rats. 259 Furthermore, application of an SP600125 was found to significantly protect RGCs against ocular hypertension-induced cell death. 260 SP600125-mediated JNK inhibition was also found to be profoundly neuroprotective in mouse retinal I/R injury model in mice. 261 Other experiments have shown that deficiency in JNK2 and JNK3 isoforms, activated in retrograde-injured axons, resulted in robust neuroprotection by preventing phosphorylation of Jun and blocking downregulation of transcription factor Brn3b in controlled optic nerve crush in mice. 251 Blocking N-terminal phosphorylation of c-Jun provides protection against apoptosis of RGCs in optic nerve transection model in mice. 262 The interventions to block JNK signaling and AP-1 transcription factor complex activation bring up possibilities for suitable neuroprotective strategies for glaucoma. On the other hand, a lack of protection was also reported in experimental IOP elevation in bead/viscoelastic injection model in JNK3 homozygous knockout mice with an increased RGC loss compared to wild-type mice. 263 Authors speculate that the removal of JNK3 during development caused compensatory upregulation of other pathways, including JNK1 and JNK2, causing RGC death.
Brn3b transcription factor
Brn3a (Pou4f1), Brn3b (Pou4f2), and Brn3c (Pou4f3) belong to the POU family of transcription factors. In the mouse retina, Brn3 proteins are localized almost exclusively in the ganglion cells. 264 In Brn3b-deficient mice, during development, RGCs are specified and migrate to the ganglion cell layer. However, they are unable to develop axons and more than 70% of RGCs undergo apoptosis. 265 Moreover, Brn3b plays a key role in axon genesis and axon pathfinding during RGC development. 264, 266, 267 Brn3a-and Brn3c-deficient mice do not display any retinal abnormalities, indicative of the key role of Brn3b in development of RGCs. 268 Expression of Brn3b drastically decreases in the retinas in rodent models of glaucoma. 251, [269] [270] [271] Recombinant AAV2-mediated overexpression of Brn3b (rAAV-2-Brn3b) was found to significantly enhance survival of RGCs, maintain the integrity of optic nerve axons, and restore visual functions following Morrison's method of IOP elevation in Brown Norway rats. 168 A reduction in Brn3b levels decreases expression of neuroprotective target genes, including Brn3b itself, Bcl-2, GAP-43, neurofilament l, abLIM, and KLF-6, 269, 272, 273 thereby predisposing RGCs to axonal degeneration and cell death. AAV-mediated upregulation of transcription factor Brn3b (rAAV-2-Brn3b) increased the expression of Brn3b, Bcl-2, neurofilament-l, abLIM, and GAP-43 and enhanced the phosphorylation of Akt, thereby activating intrinsic neuroprotective mechanisms in glaucomatous RGCs. 274, 168 However, a study by Huang et al. showed that a conditional double knockout of Brn3a and Brn3b does not delay RGC loss following acute glaucoma model, an optic nerve crush in mice. 275 This possibly could be due to other redundant protective mechanisms involving Brn3c, since it has been shown that Brn3b/ Brn3c demonstrated a worse phenotype than Brn3b knockout mice, with almost complete loss of RGCs. 268 
ATF transcription factors
ATFs are the ATF/cyclic AMP-responsive elements and are often described as adaptive response genes, whose activity is usually regulated by stressful stimuli. ATFs interact with a number of other transcription factors, including c-Jun, to form complexes repressing or activating various target genes. It was reported that the level of phosphorylated ATF-2 (p-ATF2), the substrate of P38, was significantly elevated in the translimbal photocoagulation laser glaucoma model in rats. 276 In a subsequent study, the same group demonstrated the detrimental role of p-ATF2 in primary and secondary degeneration following partial transection model of the optic nerve in rats. 277 In the optic nerve crush model in rats, RGCs had a robust long-term upregulation of another member of ATF family, ATF3, along with a decreased expression of ATF2. These data suggested the prosurvival role of ATF3 during the initial phase of optic nerve injury in rats. 278 ATF3 gene expression was also found to be elevated in RGCs of rats following other models of glaucoma, such as experimental IOP elevation and optic nerve transection in rats. 58 Postmitotic-differentiated RGCs undergo neurodegeneration through an alteration of their transcriptional and translational regulatory mechanisms. The dissection of the regulatory networks and signaling pathways engaged by transcription factors will facilitate development of novel therapeutic strategies to protect RGCs from degeneration in glaucoma. There are several technologies available for correcting the transcription factor-imbalanced expression or repairing its mutated variant. One strategy is using RNAi fused to transcription factors for regulating target gene expression. 279 Another commonly used option is antisense and RNA interference as seen with an example of a clinical trial being successful with the SMN1 gene in spinal muscular atrophy. 280 Virally derived expression of transcription factors that were found to be downregulated in the disease process can be used to protect RGCs is another potential approach translatable to the clinic. 168 The approach with the highest potential is the use of synthetic nucleases to allow genome editing, especially RNA-guided Clustered Regularly Interspaced Short Palindromic Repeat systems (CRISPR/Cas9). This approach allows for the selective knockout or/and repair of a defective gene with the possibility to repair patient pluripotent cells. 281 CRISPR/Cas9 system may be ideal for correcting mutated transcription factors involved in glaucoma phenotypes seen during development, for example, optineurin, Six6, tumor protein 63, and GLI-similar 3.
Conclusion
The challenges in neuroprotection for glaucoma are many, including the development of adequate animal models equivalent to human disease. The above review regarding potential targets for neuroprotection were not all inclusive, but represent those areas that have received increased attention. While animal models of neurodegeneration have been developed, only a few approaches have been able to be translated into clinical trials in humans. Some of these have shown potential, while others have not. As we develop new methods and advances in monitoring and imaging technologies as well as genetic approaches to identifying key pathways to disease, new processes will be unveiled. The development of Rho kinase agents is an example of new approaches to lower IOP that may have an impact on the progression of glaucoma. Other targets, such as affecting transcription factor expression, can also have the potential if such approaches are cell or tissue specific. Such studies will provide additional understanding into the many steps and mechanisms that lead to neurodegeneration in glaucoma with the hope that future targets will be identified, which will provide optimum opportunities for therapeutic intervention and treatment. 96 HE ET AL.
